Computation of design parameters and visualization of Goertler vortices by Verma, Alok K.
n 
0 
I 
(N A S  I-CB 
€ A R A H E T E  
~ _ _  ~~~ ~ 
L rc/ PJ .$ : I ">a 2 :&-*&-- 
-_ 4 b * A #  -;5-y " , c h /E, 
DEPARTMENT OF MECHANICAL ENGINEERING TECHNOLOGY 
SCHOOL- OF ENGINEERING 
OLD DOMINION UNIVERSITY . 
NORFOLK, V I R G I  NIA 
COMPUTATION OF DESIGN PARAMETERS AND 
VISUALIZATION OF GOERTCER VORTICES 
BY 
Alok K. Verma, Pr inc ipa l  I nves t i ga to r  
F ina l  Report 
For the  per iod  February 16, 1983 t o  February 15, 1984 
Prepared f o r  t h e  
Nat ional  Aeronautics and Space Admin is t ra t ion 
Langley Research Center 
Hampton, V i r g i n i a  23665 
Under 
Research Grant NAG-1-340 
TAD-Airfoi l  Aerodynanics Branch 
. John R. Dagenhart, Technical b b n i t o r  
181246) CCHFETATICI CF DESIGN ~ a 7 - 2 ~ 4  
S AND F . I S U A L I Z A T X C N  C P  GCERTLEB 
Final belort, 16 Ert. 1Ee3 - 15 
IS BC A G 3 / M E  A01 CSCL 20D G3/34 0093168 
[Old D c B i n i c n  U L i v . )  27 p Unclas 
A p r i l  1984 
, 
https://ntrs.nasa.gov/search.jsp?R=19870018511 2020-03-20T10:10:11+00:00Z
DEPARTMENT OF MECHANICAL ENGINEERING TECHNOLOGY 
SCHOOL OF ENGINEERING 
OLD DOMINIOJ-tlNIVERSITY 
NORFOL MIRGIN IA 
COMPUTATION OF DESIGN PARAMETERS AND 
VISUALIZATION OF GOERTLER VORTICES 
BY 
Alok K. Verma, Pr inc ipa l  I nves t i ga to r  
F ina l  Report 
For the  per iod February 16, 1983 t o  February 15, 1984 
Prepared f o r  t h e  
Nat ional  Aeronautics and Space Admin is t ra t ion  
Langley Research Center 
Hampton, V i r g i n i a  23665 
Under 
Research Grant NAG-1-340 
John R. Dagenhart, Technical Monitor 
TAD-Air fo i l  Aerodynamics Branch 
Submitted b y  t h e  
01 d Dominion Un i v e r s i  t y  
P.O. Box 6369 
Nor fo lk ,  V i r g i n i a  23508 
A p r i l  1984 
TABLE OF CONTENTS 
Page 
I I . 
I I . 
I11 . I I I 
I v . 
V . 
INTRODUCTION .............................................. 
COMPUTATION OF DESIGN PARAMETERS ......................... 
VISUALIZATION OF GOERTLER VORTICES ........................ 
a . Design and Fabr ica t ion  of Model .................. 
b . Design and Construct ion o f  Smoke Wire 
Apparatus ........................................ 
c . Experimental Set Up .............................. 
CONCLUSION ................................................ 
REFERENCES ................................................ 
LIST OF TABLES 
Table . 
1 Value o f  Gcritical ........................................ 
2 Value o f  Bcritical ........................................ 
3 A i r f o i l  Coordinates ....................................... 
LIST OF FIGURES 
Figure> 
1 Goer t le r  v o r t i c e s  i n  a f l o w  along a concave wa l l  .......... 
2 Contours o f  constant growth r a t e s  a t  Mach nunber = 2 ...... 
3 Curves o f  c r i t i c a l  b e r t l e r  nunber f o r  constant 
growth r a t e s  and Mach nunber ............................... 
1 
4 
14 
14 
14 
16 
21 
22 
2 
5 
6 
ii 
TABLE OF CONTENTS - Concluded 
LIST OF FIGURES - Concluded 
F i gure. Page 
10 
4 Flow char t  fo r  computation o f  c r i t i c a l  Goer t ler  nunber 
and growth r a t e s  along a g iven airfoil..................... 
5 A i r f o i l  used f o r  t h e o r e t i c a l  and experimental 
i n v e s t i g a t i o n  .............................................. 11 
6 Pressure d i s t r i b u t i o n  over t h e  airfoil................ ..... 12 
7 Construct ion o f  the  model.........................,..... ... 1 5  
8 Smoke generat ing device and v i s u a l i z a t i o n  setup ............ 1 7  
9 Experimental setup t o  study the  wavelength ................. 1 9  
10 Experimental setup t o  study cross sect ion o f  vor t ices. .  .... 20 
. 
iii 
COMPUTATION OF DESIGN PARAMETERS AND 
VISUALIZATION OF GOERTLER VORTICES 
Alok K. Verma* 
I. I NTRODUCT IO N 
I n s t a b i l i t i e s  commonly known as Goert ler v o r t i c e s  are found i n  the  f l o w  
over a concave surface. These i n s t a b i l i t i e s  which are i n  t h e  form o f  count- 
e r  ro ta t i ng ,  streamwise v o r t i c e s  ( f i g .  1) i n d i r e c t l y  a f f e c t  t r a n s i t i o n  b y  
i n t e r a c t i n g  w i t h  another type o f  i n s t a b i l i t y ,  known as Tollemien Schlich- 
t i n g  waves ( r e f s .  1 and 2). The i n t e r a c t i o n  o f  these two types o f  insta-  
b i l i t i e s  leads t o  o s c i l l a t i o n  o f  boundary l a y e r  i n  a spanwise d i r e c t i o n  
which u l t i m a t e l y  leads t o  t r a n s i t i o n .  
Goer t ler  t ype  i n s t a b i l i t i e s  are c r i t i c a l  i n  cases o f  s u p e r c r i t i c a l  a i r -  
f o i l s  which have regions o f  concave curvature on t h e  lower surface. 
prehensive theory o f  a Goert ler  type i n s t a b i l i t y  over a curved surface was 
presented by the  author and co-authored by O r .  N. M. El-Hady. (See refs .  3 
and 4 ) .  
unstable wave nunber f o r  both subsonic and sonic speeds. 
account t h e  e f f e c t  o f  suct ion and cooling. 
A com- 
This  theo ry  presented a methodical way o f  c a l c u l a t i n g  the most 
It also took i n t o  
Based on the  r e s u l t s  obtained i n  the above work, t h e  present analys is  
offers a method f o r  c a l c u l a t i n g  the growth r a t e  o f  t he  Goer t ler  type d i s -  
turbances over a given a i r f o i l .  
E a r l i e r  work i n  v i s u a l i z a t i o n  of Goert ler v o r t i c e s  was done a t  incom- 
p ress ib le  speeds. ‘Gregory and Walker ( re f .  5) were t h e  f i r s t  t o  ob- 
t races  of these v o r t i c e s  by  using a china-clay technique, fo l lowed by 
*Assistant Professor, b p a r t m e n t  o f  Mechanical Engineering Technology, Old 
Dominion Univers i ty ,  Norfolk, V i r g i n i a  23508. 
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Figure 1. Goertler vortices in a f l o w  along a concave wa l l .  
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A i  hara ( r e f .  6), Tan1 and Sagakami ( re f .  7)  using co lored 1 i qu ids  and smoke 
threads, and Aihara ( r e f .  8) and Tani ( re f .  9) using ho t  wire measurements. 
Wortman ( r e f .  2) used the  t e l l u r i u n  method t o  v i s u a l i z e  these v o r t i c e s  i n  a 
water tunnel. 
v o r t i c e s  using the  hydrogen bubble technique. 
evidence o f  t he  vortex l i k e  disturbances has been observed by Persen 
( r e f .  11) and Ginoux ( r e f .  12) i n  quasi two-dimensional f lows i n  regions o f  
separated f l ow  reattachments. Zakkay and Calarese ( r e f .  13) observed t h e  
presence o f  these v o r t i c e s  i n  a hypersonic tu rbu len t  boundary l a y e r  over an 
oxisynmetric conf igurat ion w i th  adverse pressure gradient. 
experiments i n  t w o  Mach 5 nozzles, Beckwith and Ho l l ey  ( r e f .  14) showed by 
using o i l  f l o w  pat terns t h a t  these vo r t i ces  pers is ted t o  the  nozzle e x i t .  
Section I 1  discusses t h e  method f o r  analys is  o f  an a i r f o i l  regarding 
Bippes ( r e f .  10) presented d e t a i l e d  observations o f  these 
A t  compressible speeds, 
I n  t h e i r  
Goertl e r  i n s t  abi 1 i t y  . 
Sect ion I11 presents t h e  e f f o r t  made toward v i s u a l i z a t i o n  o f  Goer t ler  
v o r t i c e s  using smoke. 
3 
11. COMPUTATION OF DESIGN PARAMETERS 
A computer code was present,dj l ’ in r e f .  3 and 4 f o r  analys is  o f  boundary 
l a y e r  s t a b i l i t y .  This program used the boundary l a y e r  p r o f i l e  over a f l a t  
surface as the  i n p u t  f o r  t h e  disturbance equation. The disturbance equation 
was solved using a v a r i a b l e  step s i z e  i n teg ra to r  based on t h e  Runga Ku t ta  
Fehlburg f i f t h  order formulas. 
F igure 2 shows t h e  p l o t  o f  Goert ler nunber G vs wave nunber B as a 
func t i on  o f  growth r a t e  u 
Sim i la r  curves were obtained f o r  Mac = 0, 1, 3, 4 and 5. 
u = 0 i s  important s ince i t  separates the unstable reg ion  (above) from t h e  
f o r  a value o f  f r e e  stream Mach nunber 2 .  
The curve f o r  
s tab le  reg ion  (below). The path j o i n i n g  t h e  minimum o f  t h e  curves repre- 
sents a path most l i k e l y  t o  be fol lowed by growing vo r t i ces .  
The present work suggests a method f o r  applying t h e  in format ion ava i l -  
able i n  r e f s .  3 and 4 t o  analyze the f l o w  over t h e  concave surface o f  an 
a i r f o i l .  
imental resu l t s .  
Th is  analys is  can be spec ia l l y  h e l p f u l  f o r  comparisons w i t h  exper- 
I 
i Given t h e  geometry o f  t h e  a i r f o i l  the values o f  Yi are ca lcu lated a t  
Xi where i can be chosen as a s u f f i c i e n t l y  l a r g e  nunber t o  accurate ly  
descr ibe t h e  a i r f o i l  shape. Values of Reynolds nunber Ri and Goer t ler  
I 
! numbers Gi are ca lcu lated using a modif ied version o f  a program w r i t t e n  by 
H a r r i s  and B1 anchard ( r e f .  15).  
F igure 2 shows t h e  curves o f  Goert ler nunber G versus wave nunber B 
I as a func t i on  of t he  growth r a t e  for  Mach number 2.0. The value o f  c r i t i c a l  
I Goer t ler  nunber (va lue corresponding t o  t h e  minimum o f  curves) i s  obtained 
from s i m i l a r  curves and p l o t t e d  as a funct ion o f  wave number i n  f i g u r e  3 f o r  
I 
1 
I 
Mach nunbers 0.0, 1.0, 2.0, 3.0, 4.0 and 5.0. The r e s u l t i n g  values of the 
c r i t i c a l  Goert ler  numbers and corresponding wave nunbers are tabulated i n  
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Figure 2. Contours o f  constant growth rates a t  Mach number = 2 .  
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Figure 3 .  Curves o f  cr i t ica l  Goertler number for constant growth rates and 
Mach number. 
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t a b l e s  1 and 2, respect ive ly .  These values are used as t h e  i npu t  value f o r  
i n t e r p o l a t i o n  t o  f i n d  ou t  t he  values o f  t h e  wave nunber 6 and growth ra te  
u 
a i r f o i  1. 
f o r  a known value o f  t h e  Goer t ler  nunber a t  a p o i n t  on t h e  surface o f  an 
Using these values, t h e  amplitude r a t i o  i s  ca l cu la ted  using 
G 
I n  (ad ) = - I (u/G) dG 
Go 0 
Amplitude r a t i o  i s  a d i r e c t  i n d i c a t i o n  o f  whether the  f l o w  w i l l  t u r n  
t u r b u l e n t  o r  not. 
F igu re  4 shows t h e  f l o w  cha r t  descr ib ing t h e  method o f  computation o f  
c r i t i c a l  Goert ler  number and growth rates a t  d i f f e r e n t  s t a t i o n s  along an 
a i  r f o i  1 s u r f  ace. 
The a i r f o i l  sect ion chosen f o r  t h e  experimental i n v e s t i g a t i o n  i n  Sec- 
t i o n  I 1  o f  th i 's  paper i s  also used here, for  computation o f  growth r a t e s  and 
I amplitude r a t i o .  F igure 5 shows the  shape o f  t h e  a i r f o i l .  Twenty-nine 
s t a t i o n s  each on the  t o p  and bottom surfaces were chosen f o r  c a l c u l a t i o n  of 
above quan t i t i es .  Coordinates o f  these s t a t i o n s  are presented i n  t a b l e  3. 
Pre l iminary i nves t i ga t i ons  were made t o  f i n d  ou t  i f  separation would 
occur on t h e  a i r f o i l .  
used f o r  t h i s  purpose. 
a i r f o i l ,  and also i nd i ca tes  t h e  t r a n s i t i o n  ahd separation on both upper and 
lower surfaces. Several runs were made w i t h  d i f f e r e n t  Mach nunbers and 
angles o f  at tack.  
A program w r i t t e n  b y  Eppler and Somers ( r e f .  16) was 
The program plots  t h e  pressure d i s t r i b u t i o n  on an 
Figure 6 shows t h e  pressure d i s t r i b u t i o n  f o r  Mach nunber 
I 0.2 and angle o f  a t tack = 10 degrees. The l o c a t i o n  o f  t r a n s i t i o n  and sep- 
a r a t i o n  on the  upper surface i s  a t  x/C = 0.800 and 0.844 respect ive ly .  
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Table 1. Value o f  Gcr i t i ca l .  
8.0 
1.02 
0.88 
0.68 
0.53 
0.42 
0.34 
1.0 - 
3.4 
3.35 
3.2 
3.1 
3.12 
3.3 
- 
12.0 
1.12 
1.02 
0.76 
0.61* 
0.49* 
0.42* 
2.0 - 
5.4 
5.25 
5.2 
5.1 
5.2 
5.3 
- 
0 
1 
2 
3 
4 
5 
3.0 - 
0.OP 0.25* 0.36 
0.23 0.24* 0.33 
0.25 0.23* 0.275 
0.21 0.2 0.22 
0.16 0.155 0.175 
0.12 0.12 0.13 
7.1 
7.1 
7.1 
7.1 
7.3 
7.4 
5.0 
10.0 
10.1 
10.4 
11.0 
11.2 
11.6 
I 
L 
8.0 
14.5 
14.6 
15.4 
16.0 
17.2 
18.0 
*/+proximate va lues  obtained by ext rapola t ion  o f  poin ts .  
Table 2. Value of B c r i t i c a l .  
Q U I  0.0 1 0.2 1 0.5 - 1.0 
0.49 
0.43 
0.35 
0. 26 
0.20 
0.152 
- 
- 
-rr 2.0 3.0 5.0 
0.62 
0.55 
0.44 
0.33 
0.255 
0.19E 
0.73 
0.64 
0.51 
0.38 
0.30 
0.23 
0.88 
0.76 
0.59 
0.46 
0.36 
0.28 
12.0 - 
19.5 
20.0 
21.5 
21.5 
25.5* 
27.5* 
- 
*Approximate va lues  obtained by extrapol a t  ion o f  points .  
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Table 3. Airfoil coordinates. 
St at  i on 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14  
15 
1 6  
17 
18  
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
- 
x l o / c  
0.0 
0.03623 
0.07246 
0.10870 
0.14493 
0.18116 
0.21 739 
0.25362 
0.28985 
0.32609 
0.36232 
0.39855 
0.43478 
0.47101 
0.50725 
0.54348 
0.57971 
0.61594 
0.6521 7 
0.68841 
0.72464 
0.76087 
0.79710 
0.83333 
0.86957 
0.90580 
0.94203 
0.97826 
1 00000 
Y1"  I C  
0.0 
0.02900 
0.04529 
0.05978 
0.07246 
0.08152 
0.09420 
0.10326 
0.11232 
0.11594 
0.11957 
0.12319 
0.12319 
0.12319 
0.11957 
0.11594 
0.10870 
0.09420 
0.09420 
0.08696 
0.07790 
0.06884 
0.05978 
0.05072 
0.03986 
0.02899 
0.01993 
0.00725 
0.0 
Lower 
xl" /e 
0.0 
0.03623 
0.07246 
0.10870 
0.14493 
0.18116 
0.21739 
0.25362 
0.28985 
0.32609 
0.36232 
0.39855 
0.43478 
0.47101 
0.50725 
0.54348 
0.579 71  
0.65217 
0.6521 7 
0.68841 
0.72464 
0.76087 
0.79710 
0.83333 
0.86957 
0.90580 
0.94203 
0.97826 
1 .ooo 
Y 1 "  I C  
0.0 
-0.00725 
-0.00181 
0.00362 
0.01087 
0.01630 
0.01993 
0.02355 
0.02609 
0.02899 
0.029 71  
0.03224 
0.03261 
0.03261 
0.03261 
0.03261 
0.03261 
0.02971 
0.02971 
0.02754 
0.02754 
0.02536 
0.02174 
0.01449 
0.01449 
0.01087 
0.00906 
0.00362 
0.0 
.... 
9 
READ X i ,  Y i  coordinates 
of a i r  o i l ,  M y  
M, = 0, 1, 2, 3,  4, 5 
Q = 0.0, 0.2, .5, 1.0, 2 ,  3 
5, 8.0, 12.0 RiD G (M, a) 
~ ~~ 
FIND G(M,c) by i n te rpo la t i on  
f o r  given Mach number and 
a = 0.0, . 2 ,  .5, 1.0, 2 ,  3 ,  
Also f i n d  corresponding B 
s, a, 12. 
READ X i  i-I 
FIND value o f  u 
corresponding t o  G i  
by i n t e r p o l a t i o n  
~ ~~~ ~~ ~~ 
Value o f  R i ,  G i  a t  a l l  
X i  9 
i = 0 t o  ima, 
From modi f i e d  program 
of Har r i s  
Figure 4. Flowchart f o r  computation of c r i t i c a l  Geor t ler  number and 
growth ra tes  along a given a i r f o i l .  
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.I- - 
X a 
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0 cc 
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AIRFOIL RNFILYSIS M~N=160~30 NCY= 2 R= -1  MILLIOb 
TIC= 1308 M= 200 RLP= 10 00 CL=1 30 1 CD= e012: 
~ 
Figure 6. Pressure distribution f o r  the airfoil. 
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The t r a n s i t i o n  and separation on t h e  lower surface occur a t  x/C = 0.800 
and x/C = 1.000. 
behind t h e  area o f  concave curvature on t he  lower surface f o r  t he  m a j o r i t y  
o f  cases and, therefore, t he  model i s  su i tab le f o r  experimental 
invest igat ion.  
It was found t h a t  the l o c a t i o n  o f  separation p o i n t  was 
The o s c i l l a t i o n s  i n  t h e  pressure d i s t r i b u t i o n  on the upper surface were 
p r i m a r i l y  due t o  the  uneven surface o f  the a i r f o i l .  
The coordinates o f  t he  a i r f o i l  were fed  through an a i r f o i l  smoothing 
program and subsequent pressure d i s t r i b u t i o n s  were q u i t e  smooth. It was, 
however, observed t h a t  t he  smoothing program d i d  n o t  produce good r e s u l t s  
near the  leading and t r a i l i n g  edges. 
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111. VISUALIZATION OF GOERTLER VORTICES 
E f f o r t  toward V i s u a l i z a t i o n  o f  b e r t l e r  v o r t i c e s  was p r i m a r i l y  confined 
t o  the  use o f  smoke wire. 
a t  t he  NASA/Langley Research Center, was used f o r  t h e  experimental 
invest igat ion.  The tunnel  i s  an open c i r c u i t ,  low turbulence tunnel  w i th  a 
maximum v e l o c i t y  i n  t h e  range o f  30-35 m/sec. 
The 30.5 x 45.7 cm smoke tunnel  i n  Bu i l d ing  641, 
a. Design and Fabr icat ion o f  Model 
An a i r f o i l  shape with concave curvature was needed t o  study t h e  
There were t w o  pr imary considerat ions i n  t h e  design of t h e  v i sua l i za t i on .  
a i r f o i l .  
t h a t  t h e  v o r t i c e s  would have t ime t o  develop and become l a r g e r  thereby 
f a c i l i t a t i n g  t h e i r  v i s u a l i z a t i o n .  
F i r s t ,  t h a t  t he  curvature should be over a wider range o f  chord so 
Second, the re  should no t  be any 
separation i n  the  reg ion o f  curvature. 
F igure 4 shows t h e  shape o f  t h e  a i r f o i l  chosen. Pre l iminary theoret-  
i c a l  analysis using a p o t e n t i a l  f l ow  theory showed t h a t  f o r  t h e  speeds under 
considerat ion t h i s  a i r f o i l  d i d  no t  have separation on t h e  lower surface a t  
h igher angles o f  attack. 
separation was predic ted near the  t r a i l i n g  edge. 
However, f o r  an angle o f  a t tack near zero degrees 
F igure 7 shows t h e  
I const ruct ion of the model. Two templates o f  t he  a i r f o i l  shown i n  f i g u r e  4 
were made from a hard thermoplast ic mater ia l .  
was c u t  using a hot wi re  i n  t h e  shape o f  an a i r f o i l .  
on t h e  foam t o  g i v e  i t  a smooth f i n i s h  and t o  prov ide bending and t o r s i o n a l  
r i g i d i t y .  
Using t h e  t w o  templates foam 
Linerboard was glued 
b. Design and Construction o f  Smoke Wire Apparatus 
Goer t ler  vo r t i ces  are confined wi th in  the  boundary 1 ayer dur ing t h e i r  
14 
LINERBOARD 
COVERING 
0.5 mn 
thick 
Figure 7. Construction o f  the model. 
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e a r l y  stages o f  developnent, however, i f  t h e i r  growth condi t ions are favor- 
able they can grow o u t  o f  t h e  boundary layer.  
device should be capable o f  d e l i v e r i n g  a t h i n  sheet o f  smoke near o r  w i t h i n  
the  boundary layer.  
render them v i  s i  b l  e. 
Thus the  moke generat ing 
When the smoke sheet r o l l s  w i t h  t h e  v o r t i c e s  i t  w i l l  
Smoke generating apparatus used f o r  v i s u a l i z a t i o n  i s  shown i n  f i g u r e  8. 
A t h i n  wire passes h o r i z o n t a l l y  through the  tunnel  t e s t  sect ion over two 
pu l l eys  and i s  connected t o  weights t o  g i ve  i t  tension. The w i re  passes 
through an o i l  reservo i r .  When the w i r e  i s  moved over the pul leys,  small 
drop- le ts  of o i l  adhere t o  the  wi re and create a t h i n  sheet o f  smoke when 
the wire i s  heated. 
The w i re  i s  connected t o  a dc power source through a t imer  w i t h  which 
the durat ion o f  the passage o f  current  through the  wire can be con t ro l l ed .  
This i s  necessary t o  avoid wire burnout. 
c. Experimental Setup 
V isua l i za t i on  o f  the Goert ler  vo r t i ces  can g i v e  us i n s i g h t  about t h e  
nature o f  f l o w  over a concave surface. F i r s t ,  center t o  center, d istance 
between t h e  adjacent vo r t i ces  gives the wavelength o f  these v o r t i c e s  which 
has been found t o  be af fected by tunnel s ide  wal ls.  
have been found i n  e a r l i e r  experiments t o  remain constant i n  t h e  streamwise 
I 
A1 so the  wavelengths 
d i rec t i on .  Second, t h e  cross sect ion o f  t he  v o r t i c e s  can g i v e  i n f o r -  
mation about v e l o c i t y  d i s t r i b u t i o n  ins ide these vor t ices.  
F igu re  8 shows t h e  experimental set up f o r  v i sua l i za t i on .  A Hasslebad 
camera was used for  t a k i n g  i n s t a n t  pictures.  
connected t o  a t imer  which c o n t r o l l e d  the cu r ren t  through the  smoke wire. 
The t imer  had a delaying c i r c u i t  b u i l t  i n  so the  camera could be t r i gge red  
The f l a s h  and camera were 
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Figure 8. Smoke generating device and visualization setup. 
17 
on ly  a f t e r  c e r t a i n  timed i n t e r v a l s  o f  heating the  smoke wire. 
Since the  smoke wire was heated only f o r  a f r a c t i o n  o f  a second, a 
smoke sheet o f  o n l y  a f i n i t e  length was generated. 
t r i gge red  exac t l y  a t  t he  i n s t a n t  when t h i s  smoke sheet was above t h e  a i r -  
f o i l .  
The camera had t o  be 
Figure 9 shows the  setup f o r  the study o f  t h e  wavelength o f  t h e  v o r t i -  
ces. 
sect ion l ook ing  down a t  t he  lower surface o f  t he  wing model. 
w i th  a s l o t  i n  f ron t ,  provided a t h i n  sheet o f  l i g h t  skimming t h e  surface o f  
t h e  model. 
faces o r  t h e  tunnel s ide walls, these surfaces were painted black. 
p i c tu res  were obtained o f  t he  f l o w  using t h i s  setup. 
smoke wires do not  produce enough smoke. The t e s t s  could no t  be continued 
since the  tunnel was o f t e n  shut down f o r  repa rs ,  o r  was n o t  ava i l ab le  f o r  
t e s t i n g  due t o  previous scheduling. 
tunnel was ava i l ab le  f o r  t h i s  i nves t i ga t i on  f o r  j u s t  over a week. 
I n  t h i s  case, the camera was mounted as the  top o f  t he  tunnel  t e s t  
The f lash,  
To avoid any r e f l e c t i o n  o r  d i f f u s i o n  o f  l i g h t  by the  model sur- 
Several 
It was found t h a t  t h e  
Over t he  per iod o f  t h i s  grant, t h e  
Figure 10 shows the setup t o  study t h e  cross sect ion o f  Goer t ler  v o r t i -  
ces using a low power laser .  This setup was n o t  used f o r  t e s t i n g  due t o  
1 ack of t ime and unavail  a b i l  i t y  o f  t h e  smoke tunnel. 
W 
.ENGTH 
Figure 9. Experimental setup t o  study the wavelength. 
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Figure 10. Experimental setup to study cross section of vortices. 
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I V  CONCLUSION 
I n  t h i s  work, a method f o r  analyzing an a i r f o i l  regarding Goert ler  type 
i n s t a b i l i t y  has been presented. 
v o r t i c e s  was designed and fab r  cated. A smoke generating apparatus was made 
t o  be used i n  the  experiment. 
vor t ices,  however, the smoke g nerated was not enough t o  b r i n g  out  t h e  
vo r t i ces .  Addi t ional  tests ,  although planned, could not be c a r r i e d  o u t  f o r  
l ack  o f  t ime and u n a v a i l a b i l i t y  o f  t he  smoke tunnel .  
A model f o r  t he  v i s u a l  i t a t i o n  o f  Goer t ler  
Experiments were conducted t o  photograph the 
21 
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